Introduction {#sec1}
============

Duchenne muscular dystrophy (DMD) is a hereditary disease that causes severe clinical muscle weakness, atrophy, degeneration, and necrosis of the skeletal muscle.[@bib1] No fundamental treatments have been developed, and thus an effective gene therapy is needed. We previously developed a recombinant adeno-associated virus (rAAV) capable of efficiently transferring genes to the skeletal muscle and examined its therapeutic potential using a miniaturized microdystrophin gene.[@bib2], [@bib3], [@bib4], [@bib5] This vector is considered safe because it does not induce severe inflammation as observed with adenovirus[@bib6] and is not carcinogenic as in the case of lentivirus. In previous studies using mdx[@bib2], [@bib3], [@bib4] mice as a DMD model animal, good treatment results were observed following gene transfer into the skeletal and cardiac muscle. Additionally, local or systemic expression was achieved in dog[@bib5] models of muscular dystrophy, demonstrating the effectiveness of microdystrophin.[@bib1] However, the emergence of circulating dystrophin-specific T cells has been reported in patients with DMD following AAV-mediated gene therapy.[@bib7] Therefore, immunomodulation may be required to ensure successful gene therapy. Immunosuppression experiments should be performed in nonhuman primates whose immune systems are similar to that in humans. Therefore, we used *Macaca fascicularis* for this experiment.

When using viral vectors for gene therapy, immunomodulation may be an option if the case is diagnosed after birth or in adult patients, as is usual in muscular dystrophy. Gene transduction studies of muscular dystrophy models using immunosuppressive drugs such as cyclosporine, mycophenolate mofetil, anti-thymocyte globulin, and rituximab have been reported.[@bib8] Cramer et al.[@bib9] reported that prednisone reduced the extent of intramuscular T cell infiltrates in AAV-treated muscles in rhesus macaque, but the effects were insufficient. Thus, we used tacrolimus, also known as FK-506, which is an immunosuppressant discovered in *Streptomyces tsukubaensis* from the soil at Tsukuba Mountain and used mainly after allergenic organ transplant[@bib10] and to treat autoimmune diseases.[@bib11] The aim of this study was to establish an efficient and safe immunosuppressive regimen of AAV-mediated gene therapy for DMD. We evaluated the transduction of skeletal muscles of a primate model with AAV8 and AAV9 vectors expressing the *LacZ* and *microdystrophin (M3)*[@bib12] genes concurrently with tacrolimus treatment.

Results {#sec2}
=======

Primate Colony Showed a High Prevalence of Antibodies against AAV {#sec2.1}
-----------------------------------------------------------------

We estimated AAV-reacting antibodies by a cell-based assay[@bib13] using AAV2, AAV8, and AAV9 in a closed colony of 3- to 4-year-old *M. fascicularis*. 25 monkeys were examined. The neutralizing antibodies in the monkeys used in this study are summarized in [Tables S1](#mmc1){ref-type="supplementary-material"} and [S2](#mmc1){ref-type="supplementary-material"}.

When an anti-AAV8 seropositive monkey was injected with AAV8CMV*LacZ*, no LacZ-positive fibers were observed at 4 weeks after inoculation (data not shown).

Short and Limited Expression after rAAV Transduction without Immunomodulation {#sec2.2}
-----------------------------------------------------------------------------

In the histochemical examination after muscle transduction with AAV8CMV*LacZ*, expression was confirmed after 4 weeks with small amounts of inflammatory cell infiltration, but it eventually disappeared by 8 weeks after transduction ([Figures 1](#fig1){ref-type="fig"}A--1C; [Table 1](#tbl1){ref-type="table"}; [Table S1](#mmc1){ref-type="supplementary-material"}, No. 1). For muscles transduced with AAV9CMV*LacZ,* expression was observed 16 weeks after transduction ([Figures 1](#fig1){ref-type="fig"}G--1I; [Table 1](#tbl1){ref-type="table"}; [Table S1](#mmc1){ref-type="supplementary-material"}, No. 3); however, the transduction efficiency was lower compared to that of AAV8CMV*LacZ*. AAV8CMV*M3*FLAG immunostaining-positive results were observed for up to 24 weeks, although cell infiltration was also detected in the section from 24 weeks after transduction and increased over time ([Figures 1](#fig1){ref-type="fig"}M and 1N; [Table S1](#mmc1){ref-type="supplementary-material"}, No. 5). Infiltrated cells were identified as mostly CD68-positive macrophages, but CD4- and CD8-positive cells were also detected ([Figures 1](#fig1){ref-type="fig"}Q--1S; [Table S1](#mmc1){ref-type="supplementary-material"}, No. 1).Figure 1Improved rAAV-Mediated Gene Expression with Tacrolimus Treatment(A--C) β-galactosidase staining after AAV8CMV*LacZ* injection without tacrolimus treatment (A, 2 weeks; B, 4 weeks; C, 8 weeks). (D--F) β-galactosidase staining after AAV8CMV*LacZ* injection with tacrolimus treatment (D, 8 weeks; E, 24 weeks; F, 42 weeks). AAV8CMV*LacZ* expression persisted for 16 weeks after transduction. Following tacrolimus co-treatment, AAV8CMV*LacZ* expression remained detectable for 42 weeks after transduction, and cell infiltration was observed. (G--I) β-galactosidase staining after AAV9CMV*LacZ* injection without tacrolimus treatment (G, 2 weeks; H, 8 weeks; I, 16 weeks). (J--L) β-galactosidase staining after AAV9CMV*LacZ* injection with tacrolimus treatment (J, 8 weeks; K, 24 weeks; L, 42 weeks). (M and N) FLAG staining after AAV8CMV*M3*FLAG injection without tacrolimus treatment (M, 16 weeks; N, 24 weeks). (O and P) FLAG staining after AAV8CMV*M3*FLAG injection with tacrolimus treatment (O, 24 weeks; P, 42 weeks). (Q--S) Immunostaining of inflammatory cells in serial section of B 4 weeks after AAV8CMV*LacZ* injection without tacrolimus treatment (Q, CD68 staining; R, CD4 staining; S, CD8 staining). (T and U) FLAG (T) and hematoxylin and eosin (U) staining 42 weeks after AAV9CMV*M3*FLAG injection with tacrolimus treatment. AAV9CMV*M3*FLAG expression remained detectable for 42 weeks after transduction. Cell infiltration was observed but to a lesser degree than that observed with the AAV8 vector. The same muscle fiber is indicated by an asterisk (∗) or star (☆). FLAG staining is marked with arrowheads. Scale bar, 100 μm. AAV, adeno associated virus; CMV, human cytomegalovirus immediate early enhancer and promoter; *M3, microdystrophin*; CD, cluster of differentiation.Table 1Comparison of β-Galactosidase Expression after AAV InjectionAnimal (Vector)Tacrolimus2 Weeks4 Weeks8 Weeks16 Weeks24 Weeks42 WeeksNo. 1 (AAV8CMV*LacZ*)−82.2 ± 5.238.3 ± 3.600NDNDNo. 2 (AAV8CMV*LacZ*)+NDND73.8 ± 2.845.3 ± 4.351.0 ± 11.654.5 ± 10.5No. 3 (AAV9CMV*LacZ*)−18.6 ± 0.0214.3 ± 0.0200.2 ± 0.2NDNDNo. 4 (AAV9CMV*LacZ*)+NDND39.1 ± 13.58.0 ± 3.28.4 ± 4.817.3 ± 9.2[^1]

Improved rAAV Expression with Immunomodulation {#sec2.3}
----------------------------------------------

When transduction and tacrolimus treatment were performed simultaneously, AAV8CMV*LacZ* expression was observed for up to 42 weeks after transduction, although cell infiltration was present ([Figures 1](#fig1){ref-type="fig"}D--1F; [Table 1](#tbl1){ref-type="table"}; [Table S1](#mmc1){ref-type="supplementary-material"}, No. 2). AAV9CMV*LacZ* expression continued for at least 42 weeks after transduction along with cell infiltration ([Figures 1](#fig1){ref-type="fig"}J--1L; [Table 1](#tbl1){ref-type="table"}; [Table S1](#mmc1){ref-type="supplementary-material"}, No. 4). These results indicate that AAV8 transduction was more likely to be affected by tacrolimus treatment than by AAV9. Nearly 50% of muscle fibers were β-galactosidase-positive at 42 weeks after AAV8CMV*LacZ* injection, while only 17% of fibers were β-galactosidase-positive for AAV9CMV*LacZ* at 42 weeks ([Table 1](#tbl1){ref-type="table"}). When transduction was conducted with tacrolimus treatment, AAV8CMV*M3*FLAG expression remained visible for 42 weeks after transduction ([Figures 1](#fig1){ref-type="fig"}O and 1P; [Table S1](#mmc1){ref-type="supplementary-material"}, No. 6). Cell infiltration was detected in the tissue, but to a lesser degree than that observed with the *LacZ*-containing vector. AAV9CMV*M3*FLAG immunostaining was detectable for up to 24 weeks with mononuclear cell infiltration without tacrolimus treatment (data not shown, [Table S1](#mmc1){ref-type="supplementary-material"}, No. 7). When AAV9CMV*M3*FLAG was used together with tacrolimus treatment, expression was detected at 42 weeks after transduction ([Figures 1](#fig1){ref-type="fig"}T and 1U, [Table S1](#mmc1){ref-type="supplementary-material"}, No. 8). Cell infiltration was even more limited compared to that observed with the AAV8 vector. CD4-, CD8-, and CD68-positive cells infiltrated the endomysium of AAV-injected muscles (data not shown).

Safety Evaluation {#sec2.4}
-----------------

No adverse effects were observed for any treatments. The monkey injected with AAV8CMV*LacZ* showed a low degree of leukopenia; however, values remained within normal ranges. No laboratory abnormality or morbidity was identified in any of the monkeys during the observation period ([Table S1](#mmc1){ref-type="supplementary-material"}).

Monitoring of Tacrolimus Concentrations {#sec2.5}
---------------------------------------

We found a close correlation between the levels of tacrolimus measured in the blood and spleen, and a wider difference when comparing the levels in the blood and liver. These results were expected because tacrolimus accumulates in red blood cells ([Figure S1](#mmc1){ref-type="supplementary-material"}).

Changes in Immune Response Were Observed following Tacrolimus Treatment {#sec2.6}
-----------------------------------------------------------------------

When transduction was performed without tacrolimus treatment, immunoglobulin M (IgM) against LacZ was observed at 4 weeks after AAV9CMV*LacZ* injection. In contrast, no IgM for LacZ was produced after AAV9CMV*LacZ* was injected with tacrolimus ([Figure S2](#mmc1){ref-type="supplementary-material"}).

Discussion {#sec3}
==========

In this study, we found that tacrolimus administration regulated the immune response against *LacZ* and microdystrophin genes in a normal primate model, particularly with AAV8 administration. This may be because AAV8 was more immunogenic than AAV9 in this model, and thus the immunosuppressive effect of the agent was more easily detectable following AAV8 administration. This result also suggested that different immunosuppressive drugs may be required for each AAV serotype.

Chamberlain[@bib14] demonstrated that most fibers must accumulate at least approximately 20% of wild-type levels of dystrophin protein to significantly correct the pathology. Even if the expression efficiency of LacZ is maintained at over 50% after 42 weeks using tacrolimus, we did not confirm the expression level of transduced protein in this study. Therefore, to determine whether this expression level is sufficient for treating patients with muscular dystrophy, it is necessary to confirm the amount of dystrophin protein that can be produced using this approach.

The expression rate of AAV9-mediated *LacZ* was decreased at 16 weeks but recovered at 24 weeks. This may be because sustained LacZ expression and accumulation of β-galactosidase protein make detection easier in later stages, this will require further analysis for confirmation.

In this study, the most important factor identified to affect the gene transduction efficiency was the presence of neutralizing antibodies against AAV.[@bib12] To test the AAV8 and AAV9 vectors expressing the *LacZ* and *microdystrophin (M3)* genes and the efficiency of transduction of the primate skeletal muscles with tacrolimus treatment, we first screened the primates for the presence of antibodies against AAV. The prevalence of antibody-positive monkeys was higher than expected (64%). It has been reported that most healthy adults have neutralizing antibodies against AAV.[@bib15] Thus, the immune system status of our model was similar to that in the human population and is useful for predicting immune responses in humans. Greig et al.[@bib16] reported that a low titer of pre-existing AAV8 neutralizing antibodies did not affect the expression levels of a secreted transgene after intramuscular injection of the vector in *R. macaques*. We used *M. fascicularis*, and some studies reported that the immune response of this species differs from that of *R. macaques.*[@bib16] In human immunodeficiency virus (HIV), the response differs depending on the habitat of *R. macaques.*[@bib17] Therefore, the species of monkey used is very important for gene transfer experiments using viral vectors.

We also found that the products derived from the transduced gene were eliminated by cellular immunity, as evidenced by the CD4-, CD8-, and CD68-positive cells observed to have infiltrated the endomysium of AAV-injected muscles. Thus, immunosuppression targeting both B and T cells may be required for AAV gene therapy. Tacrolimus functions by blocking T cell proliferation *in vitro* by inhibiting the generation of several lymphokines. Crosstalk between T cells and macrophages is involved in the muscle pathology of DMD and may also be important in AAV-mediated gene transduction.[@bib18] Analysis of viral levels indicated that a certain amount of the viral genome is required for antibody production. Administration of an immunosuppressive agent may reduce the amount of virus necessary to elicit a therapeutic effect, and consequently the production of antibodies may be prevented. In this study, a ubiquitous promoter was used. The development of an effective muscle-specific promoter may also reduce the immune response and amount of viral vector required. This would also help to reduce the very high titers of AAV necessary for its systemic application, which is among the rate-limiting steps in gene therapy.

As described above, for patients with DMD treated with AAV-mediated gene therapy, T cells reactive against dystrophin are a known complication.[@bib7] In our study, IgM against LacZ was produced 4 weeks after AAV9CMV*LacZ* injection without tacrolimus. Production of antibodies against transduced proteins inhibits long-term gene expression, as well as expression after a second transduction. In this study, we showed that tacrolimus inhibited the immune response against the transduced gene product.

No significant generalized toxicity was observed in any of the tested monkeys. Side effects such as constant anorexia, continued weight loss, liver dysfunction, and hyperkalemia were not observed in any of the treated monkeys after tacrolimus administration, demonstrating that tacrolimus is a safe option as an immunosuppressive drug for gene therapy. Tacrolimus can also be easily monitored by determining its concentration in the blood. Another advantage is that tacrolimus can be delivered orally for human patients. Furthermore, tacrolimus is an easy-to-use immunosuppressant because there is no restriction for co-ingestion with substances such as cyclosporine, and the drug does not influence cell growth as *everolimus* and mycophenolate mofetil do. Additionally, because tacrolimus binds to erythrocytes, its concentration in the spleen can be evaluated.

We used normal monkeys in this experiment, as studies of the immune response in normal monkeys are important for advancing gene therapy. No natural DMD monkey model is available; however, a monkey DMD model using CRISPR/Cas9 has been reported.[@bib19] For future studies of gene therapy, the development of disease models in primates will eventually become necessary. It may be possible to produce these models by embryonic gene transfer[@bib20] or gene editing.

In conclusion, a tacrolimus-assisted transduction strategy can enhance the therapeutic benefits of rAAV-mediated gene therapy for muscular dystrophy in a safe and effective way.

Materials and Methods {#sec4}
=====================

Animals {#sec4.1}
-------

All monkeys were treated in accordance with the rules for care and management of the Tsukuba Primate Research Center under the guiding Principles for Animal Experiments using Non-Human Primates formulated and enforced by the Primate Society of Japan. All experimental procedures were approved by the Animal Welfare and Animal Care Committee of the National Institute of Biomedical Innovation. Approval numbers of Tsukuba primate center review boad (DS25-15, DS29-24) and NCNP animal experiment committee (2011-004,2014-008). The monkeys were reared in the Tsukuba Primate Research Center, National Institute of Biomedical Innovation.

We estimated the AAV-neutralizing antibody titers in the colony of 3- to 4-year-old *M. fascicularis* and selected seronegative monkeys. We used 4 seronegative monkeys for the experiment without immunomodulation, and 3 seronegative monkeys and 1 seropositive monkey (No. 4 positive for anti-AAV8 neutralizing antibody) for the experiment including immunomodulation analysis ([Table S1](#mmc1){ref-type="supplementary-material"}).

Blood was collected at 0, 8, 16, 24, and 42 weeks after injection and laboratory data were monitored, such as white and red blood cell counts, hemoglobin, platelet count, liver function, electrolytes, creatinine kinase, and tacrolimus concentration.

Viral Vectors {#sec4.2}
-------------

We utilized AAV2CMV*LacZ*, AAV8CMV*LacZ*, AAV9CMV*LacZ*, AAV8CMV*M3*FLAG, and AAVCMV9*M3*FLAG, as described previously.[@bib2], [@bib3], [@bib4], [@bib5]^,^[@bib12] The rAAV proviral plasmid harboring the luciferase gene with a CAG promoter was propagated as a marker. As a therapeutic gene for DMD, canine microdystrophin was placed under control of the CMV promoter. The vector genome was packaged into the pseudotyped rAAV9 capsid in HEK293 cells. A large-scale cell culture method with an active gassing system was used for transfection.[@bib13] The vector was produced by triple transfection of a proviral plasmid, rAAV helper plasmid pAAV2/9 (a gift from Dr. James M. Wilson), and adenovirus helper plasmid, pAdeno. rAAV particles were purified by a dual ion-exchange procedure with high-performance membrane absorption as previously described.[@bib1]^,^[@bib5] Viral titers were determined by quantitative real-time PCR using the MyiQ single-color detection system (Bio-Rad, Hercules, CA, USA) and the following primer pairs: forward primer 5′-TCGAGGAACTGAAAAACCAGAAA-3′ and reverse primer 5′-CACTTCCGTACAGGCCTAGAAGT-3′ for rAAV-CMV-microdystrophin.

Direct Transduction of rAAV into Muscles {#sec4.3}
----------------------------------------

Because β-galactosidase was dose-dependently produced at 4 weeks after transduction of AAV2CMVLacZ, we used as a dosage 1 × 10^13^ viral genomes. AAV8CMV*LacZ*, AAV9CMV*LacZ*, AAV8CMV*M3*FLAG, and AAVCMV9*M3*FLAG were transduced each into a different monkey. A viral suspension of 1 × 10^13^ viral genomes/muscle was intramuscularly injected at the bilateral tibialis anterior and biceps brachii muscles using a 1-mL syringe with a 23-gauge needle (SS-01T, TERUMO, Tokyo, Japan).

Immunomodulation {#sec4.4}
----------------

3 days before AAV injection and each day throughout the experiment, 0.06 mg/kg of tacrolimus was administered intramuscularly. The concentration of tacrolimus in the blood was confirmed to be under 20 ng/mL during the experiment.

Muscle Biopsy and Histochemical Analysis {#sec4.5}
----------------------------------------

Transduced muscles were biopsied at 8, 16, and 24 weeks after injection. Biopsy was performed under anesthesia using ketamine and pentobarbital. Electrocardiogram, oxygen saturation, and body temperature were monitored. The individual muscle was divided into several pieces and immediately frozen in liquid nitrogen-cooled isopentane (166-00615, WAKO, Osaka, Japan). Six to eight blocks were sampled from the transduced muscle. We analyzed at least 30 sections from the blocks to observe the general trends.

At 42 weeks after injection, the monkeys were sacrificed for systemic evaluation and biopsy. Transverse cryosections (10 μm) from the rAAV-*LacZ*-injected muscles were stained with hematoxylin and eosin or 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (029-07853, WAKO). Anti-FLAG, CD4, and CD8 (CBL131, Chemicon International, Temecula, CA, USA) immunostaining was also performed.

IgG and IgM Detection by Enzyme-Linked Immunosorbent Assay in Monkey Serum {#sec4.6}
--------------------------------------------------------------------------

A microtiter plate (MS-8596F, Sumitomo Bakelite, Tokyo, Japan) was precoated with promoter-deleted rAAV2, rAAV8, or rAAV9 (start 2 × 10^9^ genomes/well and diluted serially) and blocked with blocking buffer (Block Ace, DS Pharma Biomedical, Osaka, Japan) overnight. The plate was incubated for 2 h at 25°C with sera from monkeys, followed by a 1:2,000 dilution of peroxidase-conjugated rabbit anti-monkey IgG or IgM (SAB3700764/SAB3700778, Sigma-Aldrich, St. Louis, MO, USA) for 1 h. Color was visualized using a peroxidase substrate system (TMBZ, ML-1120T, Sumitomo Bakelite). Reactivity was detected at a wavelength of 450 nm with a reference at 630 nm using the microplate reader model 680 (Bio-Rad).

Neutralizing Antibody Detection in Monkey Serum {#sec4.7}
-----------------------------------------------

HEK293 cells (1 × 10^5^) were plated with sequentially diluted monkey serum in 96-well microtiter plates (MS-8596F, Sumitomo Bakelite).[@bib13] The plate was incubated for 72 h with rAAV2CMV*LacZ*, rAAV8CMV*LacZ*, or rAAV9CMV*LacZ* (2 × 10^9^ genomes/well) at 37°C, 5% CO~2~, followed by β-galactosidase staining.
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[^1]: Values represent percentage (%) of positive fibers ± SD. ND, no data.
